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Executive Summary 

The propagation of a high average power laser beam through the atmosphere is 
affected by optical diffraction, atmospheric absorption, scattering, turbulence, and 
thermal blooming. Each of these effects depends on the optical wavelength of the laser 
beam. The results of preliminary analyses suggest that a 1 OOkW solid-state laser could 
share the effectiveness of a deuterium fluoride chemical laser having 2-3X the average 
output power, providing very favorable projections for the utility of a 100kW mobile 
SSHCL. 
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Introduction and purpose 

A solid-state laser system, used as a directed energy defensive weapon, possesses 
many compelling logistical advantages over high-average-power chemical laser 
systems. As an electrically-powered laser, it uses no chemicals, generates no effluents, 
and requires no specialized logistics support - the laser is recharged by running the 
vehicle engine. It provides stealth, having low signature operation without the 
generation of temperature, smoke, or visible light. It is silent in operation, limited only 
by the onboard vehicle electrical charging and propulsion system. Using the heat- 
capacity mode of operation, scaling of average power from a solid-state laser has been 
demonstrated beyond 10kW and work in progress will result in the demonstration of a 
I OOkW solid-state heat-capacity laser (SSHCL). The heat-capacity approach provides 
unprecedented power-to-weight ratios in a compact platform that is readily adapted to 
mobile operation. A conceptual engineering and packaging study has resulted in a 
100kW SSHCL design that we believe can be integrated onto a hybrid-electric HMMWV 
or onto new vehicle designs emerging from the future combat system (FCS) 
development. IOOkW has been proposed as a power level that demonstrates a 
significant scaling beyond what has been demonstrated for a solid-state laser system 
and which could have a significant lethality against target sets of interest. However, the 
characteristics of heat-capacity laser scaling are such that designs with output powers 
in excess of 1 MW can be readily formulated. 

An important question when addressing the military utility of a high-power solid-state 
laser system is that of the required average power during engagement with a target. 
The answer to this question is complex, involving atmospheric propagation, beam 
interaction with the target, and the damage response of the target. Successful target 
shoot-downs with the THEL deuterium fluoride (DF) laser system provide what is 
probably the best understanding of power requirements for a directed energy weapon 
against many threats of interest. In this paper, we discuss the pertinent parameters that 
affect the propagation of a high average power laser beam to target and examine how 
these parameters compare at the 1.06 and 3.8pm wavelengths of the SSHCL and DF 
laser systems. The result of the analysis presented here suggests that a IOOkW solid- 
state laser could share the effectiveness of a DF laser having 2-3X the average output 
power, providing very favorable projections for the utility of a 1 OOkW mobile SSHCL. 

Wavelength 

A high average power, pulsed solid-state laser system is based on the l y m  lasing 
transition in the neodymium (Nd) or ytterbium (Yb) ion doped in a solid-state, crystalline 
host. The solid-state laser’s 1 pm output wavelength falls in the near-infrared portion of 
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the electro-magnetic spectrum and is invisible to the human eye. This wavelength is 
approximately one-fourth that of the DF chemical laser mid-infrared wavelength of 
3.8ym resulting in a number of characteristics that are distinctly different from a DF 
chemical laser. The wavelength of a laser system is a critical parameter that affects the 
amount of divergence imposed by optical diffraction, the way the beam responds to 
turbulence-induced distortions in the atmosphere, and the power losses due to 
molecular and aerosol absorption, aerosol scattering, and thermally-induced blooming. 
In some cases, the 1pm wavelength has significant advantages such as for decreased 
diffraction and decreased molecular absorption. Atmospheric absorption is the 
dominant contributor to increased beam divergence by thermal blooming. Absorption of 
the beam by carbonaceous aerosols (smoke, urban pollution) can be more pronounced 
at the l y m  wavelength. There are only small differences between the effect of 
atmospheric turbulence on the propagation of laser beams for the solid-state and DF 
wavelengths, slightly favoring 3.8pm. However, a large portion of the distortions 
introduced by turbulence are readily correctable using adaptive optical beam director 
systems. 

Optical diffraction and beam director diameter 

Due to the wave nature of light, a certain minimum divergence is imposed on a laser 
beam by optical diffraction for a given beam diameter. This minimum divergence is 
often referred to as the diffraction-limit and is directly proportional to the wavelength. 
The maximum irradiance (W/cm2) that can be placed on an object at the beam’s focus is 
inversely proportional to the square of the beam divergence. For this reason, given 
beams of the same diameter and same power, the theoretical maximum irradiance that 
can be placed on a target using a beam from a solid-state laser at l p m  is 13X higher 
than that for wavelength of 3.8pm. It is important to recognize, however, that there are 
a number of factors that could increase the divergence of the laser beam to a value 
greater than the diffraction limit including atmospheric turbulence, thermal blooming, 
and uncompensated distortions within the laser and the beam director. The distortion 
imposed by atmospheric turbulence and distortions in the optics of the beam director 
can be corrected using linear adaptive optics such as deformable mirrors. Thermal 
blooming, however, must be minimized since the increased divergence imposed by this 
nonlinear effect is not readily correctable. Since the diffraction-limited divergence 
depends on the beam size, the effect of diffraction for the OF 3.8pm wavelength could 
be made equal to that for 1pm by using a beam director that is approximately 3.6X the 
diameter of that used for a solid-state laser. However, the cubic scaling of mass and 
volume as well as the need for high pointing and tracking agility make this a very 
unattractive solution. The following table is a simple illustration of the effect of 
wavelength on the maximum theoretically attainable irradiance on target at a distance of 



Propagation of a 1pm high average power beam 4 

5km using a laser system with an average power of 200kW and a beam diameter of 
30cm. 

Target parameters I 3.8pm (OF) 1.3pm (COIL) 1.06pm (SS) 

Spot size 

Spot area 

lrradiance 

7.6cm 2.6cm 2.1 cm 

45.4cm2 5.3cm2 3.5cm2 

4.4kW/cm2 37.7 k Wlcm 56.6kW/cm2 

Table I - Theoretical maximum delivered irradiance at 5km using a 200kW laser and a 30cm beam 

director. 

Atmospheric absorption and thermal blooming 

As a laser beam propagates to its intended target, a portion of its power is absorbed by 
the intervening atmosphere. There are two important effects of this absorption. The 
first is that the power in the beam is reduced, lowering the irradiance (W/cm2) that can 
be delivered to the target. Of generally more significance, however, is that the 
absorption by the atmosphere causes heating. The resulting thermal gradients in the 
path of the beam introduce optical distortions, increasing the effective divergence and 
further lowering the irradiance on target. This process is referred to as thermal 
blooming. The beam break-up due to thermal blooming has a nonlinear dependence on 
the irradiance distribution within the laser beam and propagation distance. This 
nonlinearity prevents an effective method of pre-compensation at the beam director 
source. Since there is a time scale associated with the atmospheric heating that leads 
to blooming, the impact of this phenomenon is sensitive to atmospheric motion relative 
to the laser beam. This can take the form of naturally occurring wind or pseudo-wind 
resulting from the slewing of the laser beam through the air as it tracks a target, For 
example, in the absence of wind, strong thermal blooming could make a nose-on target 
engagement very difficult while a side-on engagement of a high-speed target could 
reduce thermal blooming. 

There are two sources of atmospheric absorption that can lead to thermal blooming: 
molecular absorption and aerosol absorption. 

Molecular absorption - Molecular absorption is the result of spectroscopic transitions in 
the gaseous components of the atmosphere. The solid-state laser wavelength of 1pm 
has a tremendous advantage with regard to molecular absorption. While the absorption 
of the 3.8pm DF laser wavelength at sea level is typically 5-6%/km, absorption at 1pm is 
for all practical purposes negligible. Note that, without even considering the effects of 
thermal blooming, an absorptive attenuation of 5%/km results in a 40% power loss over 



Propagation of a l p m  high average power beam 5 

0.0 
1 .o 
2.0 
3.0 
4.0 
5.0 

a 10km propagation distance through the atmosphere. The following figure shows high 
resolution spectra illustrating the very low molecular absorption for solid-state laser 
wavelengths of 1.064 (Nd:YAG), 1.061 (Nd:GGG), and 1.053 (Nd:glass). In all cases, 
the absorption coefficient is less than 0.01 %/km for solid-state. 
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Figure 1 - High resolution atmospheric absorption spectra for Nd laser transition wavelengths in several 

relevant solid-state hosts. Note that the vertical scale is in %/km. 

Aerosol absorption - The second source of atmospheric absorption is from aerosols. 
These are small particles of liquid or solid material finely dispersed through the air. 
Examples of these aerosols are dust and fog. Since aerosols are not gaseous 
constituents of the atmosphere, their composition and concentration is highly variable 
with respect to weather, location, altitude, and the local terrain. To illustrate typical 
magnitudes of aerosol absorption, LOWTRAN7 was used with its rural boundary layer 
model’ for the 0-2km altitude region. Above 2km in altitude, the tropospheric aerosol 
model was used. The following aerosol absorption coefficients are predicted. 

Table II - Atmospheric aerosol absorption coefficients for rural conditions and 23km visibility. 
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Altitude (km) 
0.0 
?.O 
2.0 
3.0 
4.0 
5.0 

3.8pm (OF) %/km 1.3pm (COIL) %/km 7.06pm (SS) %/km 
0.4 1.6 1.8 
0.4 I .9 2.0 
0.1 0.3 0.3 
0.0 0.1 0.1 
0.0 0.1 0.1 
0.0 0.0 0.0 

- ~~ ~ 

Table 111 - Atmospheric aerosol absorption coefficients for rural conditions and 1 Okrn visibility. 

Visibility (km) 
23 
10 

Based on molecular absorption alone, the conclusion might be made that the solid-state 
laser beam is not subject to thermal blooming. Although molecular absorption is 
negligible for the 1 pm wavelength, the absorption coefficients presented in these charts 
illustrate that aerosol absorption at 1 pm is not. Under 1 Okm visibility conditions, aerosol 
absorption at 1pm reaches 2%/km compared to the aerosol absorption of 0.4%/km and 
molecular absorption of 5-6%/km for the DF laser at 3.8pm. Note that there is a strong 
altitude dependence of the aerosol absorption at both wavelengths which will 
accentuate its effects for lower altitude target engagements. 

3.8pm (OF) %/km I .  06pm (SS) %/km 
0.9 2.3 
2.7 6 .? 

The discussion of aerosol absorption is not complete before considering carbonaceous 
aerosols present in smoke or smog. These exhibit stronger absorption at 1ym than at 
3.8pm. In the following chart, absorption coefficients are compared for these two 
wavelengths under urban carbonaceous aerosol conditions for both 23 and 1 Okm 
visibility. 

Table IV - Atmospheric aerosol absorption coefficients for urban carbonaceous aerosols for 23 and 10km 

visibilities. 

For carbonaceous aerosols, the absorption coefficient at 1pm for 23km visibility is 
increased to approximately the same value (2%/km) for 1 Okm visibility conditions in the 
presence of rural aerosols. Note that, although the absorption coefficient for 
carbonaceous aerosols at 10km visibility is quite large at lpm, it is still less than the 
overall atmospheric absorption for 3.8pm when the contributions of both molecular and 
aerosol absorption are considered. For visibilities less than 10km in the presence of 
smoke, the propagation of both wavelengths will be significantly degraded by thermal 
blooming. 
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Altitude (km) 

7 

~~ 

3.8,um (OF) %/km 1.3pm (COIL) %Am 1.06pm (SS) %/km 
1.6 4.6 6.0 

Atmospheric scattering 

Scattering is a term generally used to describe the resulting optical diffraction when a 
light wave interacts with small particles (an aerosol) that are irregularly arranged in the 
path of the beam. There are two sources of beam extinction when the laser beam 
passes through an aerosol: absorption, as discussed in the previous section, and 
scattering, Optical scattering is the result of diffraction around the particles and spreads 
some part of the incident laser beam into a large cone of angles while leaving the 
divergence of the primary beam largely intact. It is important to note that, unlike optical 
absorption in aerosols, optical scattering does not deposit heat into the air and therefore 
does not contribute to thermal blooming. However, scattering does have a measurable 
effect on the attenuation of the laser beam by the atmosphere and affects the ability to 
deliver power to an intended target. 

Rayleigh scattering describes the limit of optical scattering in which the particles are 
very small in comparison to the optical wavelength, such as the molecules making up 
the gaseous atmosphere. In this case, the magnitude of scattering losses increases as 

However, this scaling is not appropriate to the discussion here since Raleigh 
scattering losses are insignificant at the 1pm and 3.8pm wavelengths of the solid-state 
and DF laser systems. The particle size for the atmospheric aerosols of concern for 
scattering loss with these laser systems is comparable to the optical wavelength and a 
h-’ scaling in the magnitude of scattering losses is observed. As seen from the 
LOWRAN7 predictions presented below, this increases the scattering losses by -3.5X 
for the solid-state wavelength. Again, note that this is an issue of linear loss of power 
from the laser since scattering losses do not generate the nonlinear losses associated 
with optical absorption and thermal blooming. 

Using the same LOWTRAN7 aerosol model previously described for aerosol absorption, 
optical scattering can be predicted as a function of altitude. The data is presented for 
23km and 1 Okm visibility conditions. 

0.0 
1 .o 
2.0 
3.0 
4.0 
5.0 

Table IV - Atmospheric aerosol scattering extinction coefficients for rural conditions and 23km visibility. 
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Altitude (km) 
0.0 
1 .o 
2.0 
3.0 
4.0 
5.0 

3.8pm (Of) %/km 1.3pm (COIL) %/km 7.06pm (SS) %/km 
3.8 10.9 14.4 
3.5 10.5 13.9 
0.6 1.7 2.3 
0.0 0.8 1 .I 
0.0 0.4 0.6 
0 .o 0.2 0.3 

Just as for the case of aerosol absorption, estimates can also be made for aerosol 
scattering by carbonaceous aerosols found in smoke and smog under different visibility 
conditions. 

Visibility (km) 
23 
10 

3.8pm (OF) %/km 1.06pm (SS) %/km 
2.2 7.3 
5.3 18.0 

Table VI - Atmospheric scattering extinction coefficients for urban carbonaceous aerosols for 23 and 

10km visibilities. 

Atmospheric turbulence 

As a laser beam propagates through the atmosphere, it is distorted by turbulence in the 
air. The aberrations are primarily caused by variations in the refractive index resulting 
from fluctuations in temperature within the beam path. These fluctuations arise from the 
convective mixing of air of different temperatures and the resulting turbulence causes 
both pointing error and increased divergence as the beam propagates toward the 
intended target. Since the velocity of the air motion that generates this turbulence is 
much smaller than the speed of sound, the air can be treated as an incompressible 
ideal liquid and the distribution of the atmospheric aberrations is well described by a 
scaling function called the Kolmogorov law2. Under conditions that the turbulence- 
induced beam divergence dominates the diffraction-limited divergence (see previous 
discussion of the diffraction-limit)] then it is often useful to introduce the concept of the 
Fried’s coherence diameter3, generally referred to as ro. In this case, the time-averaged 
focal spot diameter on target is one that would be consistent with that a diffraction- 
limited beam propagating from an aperture of size r,. As magnitude of the turbulence 
increases, the coherence diameter ro decreases, proportionally increasing the spot 
diameter on target. Using the Kolmogorov scaling of the spatial scaling of turbulence- 
induced distortions, it can be shown that ro scales as where h is the laser 
wavelength. Since the divergence of the time averaged beam is proportional to Mr0, the 
time-averaged divergence of the laser beam and resulting spot size on target then 
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scales as A-o.2. This suggests that the divergence of a I y m  solid-state laser beam 
would be 1.3X that for a 3.8p.m DF laser beam under the same atmospheric turbulence 
conditions. 

It is important to recognize that turbulence-induced distortion of the laser beam is a 
linear process that can be corrected by existing, well-developed adaptive optical 
technology. Although for a given beam director diameter, the uncorrected turbulence- 
distorted spot size on target of a 1 pm laser is expected to be 1.3X larger than that of a 
3.8p.m laser, the corrected spot size on target could potentially be 3.6X smaller than for 
3.8p.m. Decreased optical diffraction at the shorter solid-state wavelength provides very 
high leverage for adaptive optical correction techniques. 

Numerical modeling of power delivery to target 

In this paper, a number of factors affecting the relative propagation of 3.8 and l y m  high 
power laser beams have been presented and discussed. Diffraction, absorption, 
thermal blooming, and small-scale scattering all contribute to the delivery of power to a 
distant target and must be included in attempts to predict relative performance at each 
wavelength. 

A simulation was conducted using mid-latitude summer molecular absorption. Thermal 
blooming was treated as per H. Breaux, et aL4 assuming CW beams and the C N ~  model 
of atmospheric turbulence from the I.R. Handbook was used.5 Rural aerosols for 23km 
visibility were used with a exponential fall-off in concentration with an altitude constant 
of 3.5km. The laser beam at both wavelengths was set to an average power of 200kW 
and a diameter at the beam director of 30cm. Both beams were assumed to have an 
effective divergence of 2X the diffraction-limit at the launch point although, since no 
adaptive correction of the atmosphere was used in the simulation, the divergence 
characteristics of the propagation is dominated by turbulence-induced distortions. A 
wind speed of 2.5mls was used and the simulation was repeated for angular slew rates 
of 5 and 50mrad/s to illustrate the contributions from thermal blooming. Constant 
irradiance contours were calculated as a function of ground range and altitude for 
5kW/cm2 at the target. The parameters for this particular case are not intended to 
reflect specific laser system designs and are not optimized for either wavelength case, 
but were chosen as reasonable points for comparison. 

Figure 2 depicts the result of this simulation at 1 and 3.8pm. As can be seen, a 
significantly enhanced (>3X) range is predicted at Ipm, for both angular slew rates. 
Note that this is a very significant result since the incident irradiance drops inversely 
proportional to the square of range. This suggests that, under these conditions, the 
average power from the solid-state laser could be reduced almost 1OX to match the 
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irradiance on target at 3.8pm. This l p m  advantage would be lessened under more 
obscuring aerosol conditions but even at visibilities down to the 10km range, a 2-3X 
power ratio is expected. No correction for atmospheric turbulence was assumed in this 
simulation so that the advantage seen at l p m  would be further increased by the use of 
adaptive optics in the beam director. 

I ,  I ” ’ I ” ’  

5kW/cm2 contours - 
Wavelength, slew rate (mradls) - 

1.06, 50 

n 

E 
25. 
E 4 
m 
a> 
I 
.- 

2 

0 
0 2 4 6 8 

Ground range (km) 
Figure 2 - Propagation simulations for 30cm diameter beams with average power of 200kW. No 
atmospheric correction is assumed. 

Solid-state laser pulsed format 

The solid-state heat-capacity laser (SSHCL) design generates its output as a train of 
pulses, rather than a continuous beam. A typical on-time duty-cycle is 10% meaning 
that during each laser pulse, the output power will be 1OX the time-averaged power. 
For example, a 100kW heat-capacity laser will have a peak power, during each laser 
pulse, of 1 MW. This pulsed format may have potential effects on the propagation of the 
beam to target as well as on the interaction of the beam with the surface of the target. 

Pulsed afmospheric propagation - In the optical simulations that have been performed 
evaluating the effects of thermal blooming, the 1 ~ m  laser beam has up until now been 
treated as CW, without a specific pulse format. Recently, we have begun to activate a 
time-resolved thermal blooming numerical code that should be able to evaluate the 
specific atmospheric response during individual laser pulses. Preliminary results 
suggest that pulse durations that are longer than the sound transit time across the on- 
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target beam diameter may have more thermal blooming than a CW laser of the same 
time-averaged power. Calculations indicate that these effects are most notable for long 
pulses (>lms) and tightly focused beams (using adaptive optical correction) on the 
target that could be achieved at short range. In the most extreme conditions, where the 
beam width could be as small as 1-2cm at the target, the air heating corresponds to the 
power during the time the pulse is on rather than to the time-averaged power over a 
pulse-repetition period. However, an important consideration regarding thermal 
blooming at 1pm is related to the fact that atmospheric absorption at this wavelength is 
completely dominated by aerosol absorption. In this case, rather than a uniform, bulk 
absorption in the path of the beam that would result from molecular absorption, beam 
losses occur at discrete, sparsely distributed aerosol particles. Careful consideration of 
the timescales associated with the energy transfer from the heated aerosol and 
subsequent thermal conduction into the surrounding air is needed in order to accurately 
predict pulsed thermal blooming phenomena, an effect not presently accounted for in 
initial simulations. The granularity of aerosol absorption creates an effect called aureole 
scattering. The energy deposited in an aerosol particle is transferred to the surrounding 
air by thermal diffusion and creates a hot air bubble around the particle which can 
contribute to transient scattering losses. The granularity is expected to become 
unimportant when the bubble diameter grows to a few times a suitably weighted mean 
particle spacing, probably between 2 and 10ms. With an initial design of 5 0 0 ~ s  pulse 
duration, the SSHCL lies in an intermediate regime where there is both the possibility of 
overestimating thermal blooming and underestimating scattering losses. 

These effects are under continuing study and have not been validated experimentally. 
The use of the 1OkW (500J, 20Hz, 500ps) technology demonstration laser at HELSTF 
to conduct pulsed atmospheric propagation tests will be a critical step towards the 
optimization of the pulse energy, pulse duration, and pulse repetition frequency for a 
solid-state laser. The optimal laser design will of course depend on these issues of 
atmospheric propagation as well as the coupling of the high power beam with the target. 
The pulse duration and pulse repetition frequency flexibility provided by a solid-state 
laser will be key to this optimization. 

Pulsed target interaction - While this is not strictly an atmospheric propagation issue, it 
is also an important consideration with regard to the optimal pulse format from a high 
average power SSHCL. We have demonstrated that the high peak power available 
from the pulsed output format opens up a new range of damage mechanisms, some of 
which exhibit rapid material removal from the surface of the target. However, even 
using conventional lethality mechanisms such as the rapid cook-off of high explosives 
by heating, there are distinct advantages to the high peak power of the pulsed format. 
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For spot sizes too large for significant material removal by several pulses (say - 4cm2), 
an SSHCL still deposits heat very effectively in a target. This follows from the fact that 
the metallic absorptivity increases with temperature, and during an SSHCL pulse, the 
surface temperature of a target rises sharply. In a metal, the absorption occurs 
practically at the surface. Once deposited, the heat conducts through the metal and 
when the interior temperature reaches a sufficient level, thermal damage mechanisms 
come into play. A CW laser, by contrast, cannot access the same high-temperature 
regime of the absorptivity. Therefore a given power level, a CW beam will result in less 
energy deposition and less damage potential. 

To illustrate this advantage, consider a 2x2cm2 spot on a 2mm thickness of steel. In the 
SSHCL case, it is exposed to 8 pulses at 200Hz with 100kW time-averaged power. In 
the CW case, it is exposed to this power continuously for the same amount of time 
(40ms). Figure 3 shows the calculated temperature of the front face versus time. In the 
SSHCL case, the temperature increases in a pulsed manner, reaching peaks about 
15OOC greater than in the CW case. The most critical information is conveyed in the 
right-hand plot, which shows the temperature at the rear face of the steel plate. The 
SSHCL has produced a temperature rise more than IOOC greater than the CW laser in 
this very short engagement. Initial measurements using the 1 OkW flashlamp-pumped 
SSHCL presently in operation at HELSTF 
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are consistent with this heating model. 
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Figure 3 - Simulated temperature rise at the front (left plot) and back (right plot) of a 2mm steel plate 

illuminated by a 1OOkW pulsed (solid line) and CW (dashed line) laser beam incident on a 4cm2 spot. 

It is important to point out that this illustration has omitted a feature favorable to the 
SSHCL case. This is the fact that the metallic absorptivity increases not only with 
temperature but also with laser frequency, providing an additional advantage over a CW 
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3.8pm laser beam. However, this increase with optical frequency is poorly quantified at 
elevated temperatures. For this reason, we used the same reflectivity vs. temperature 
response curve for both cases, thereby overestimating the CW temperature if it were 
actually being achieved with a 3.8pm beam. 

Summary 

For the same size beam director, 1pm provides a 13X higher maximum corrected 
irradiance (W/cm2) on target over 3.8pm. 

Typical molecular absorption (major contributor to thermal blooming) at 3.8pm is in the 
range of 5-6%/km compared to <<O.I%/km at lpm. Thermal blooming is a nonlinear 
optical phenomenon, not readily corrected using adaptive optics. 

Aerosol absorption is higher at 1 pm than at 3.8pm. However, at 1 Okm visibility in rural 
aerosol conditions, the sum of molecular and aerosol absorption at l p m  is less than 
one-half that for 3.8pm. 

Absorption by carbonaceous aerosols offers the most significant propagation issue at 
the solid-state 1pm wavelength. 10km visibility in the presence of smog or smoke is 
the breakpoint at which the total atmospheric absorption for 1pm and 3.8pm is 
approximately equal. At shorter visibility ranges, 1 pm absorption exceeds that at 
3.8pm. However, strong absorption in low-visibility smoke-filled air will significantly 
degrade directed energy performance at both wavelengths. 

Atmospheric scattering due to aerosols typically scales as one over the wavelength 
(A-I). However, small-scale scattering is a linear power loss mechanism that does not 
contribute to atmospheric heating and thermal blooming and therefore has less 
significant impact than absorption. 

The beam divergence due the contributions of atmospheric turbulence scales as Am'.*. 
However, these turbulence effects can be corrected using adaptive optical systems in 
the beam director. Decreased optical diffraction at 1 pm provides large benefits for the 
use of these correction systems. 

The synthesis of the effects summarized here into a beam propagation model 
concludes that, under conditions of 23km visibility with rural aerosol composition, >3X 
increase in range for a fixed irradiance (W/cm2) on target is available at l p m  over that 
at 3.8pm. This suggests that the average power at 1pm could be decreased by 
almost 1OX to match the irradiance on target at 3.8pm. Under more stressing aerosol 
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conditions, this factor could be reduced from 1OX to 2-3X, still providing a significant 
advantage for the 1 pm wavelength. 

Transient propagation effects could increase the thermal blooming for the solid-state 
pulsed output beam for engagements with very small spots on target (short-range 
penetration irradiance), requiring an optimization of the pulse duration and pulse 
repetition frequency. This potential effect is not completely characterized and needs 
further theoretical study and long-range propagation testing with the 1 OkW heat- 
capacity laser at HELSTF. 

The SSHCL pulsed output format provides improved coupling of the laser beam to a 
metal target, even under low irradiance conditions below vaporization thresholds. This 
experimentally validated effect is the result of the sharp rise in surface temperature 
and corresponding increase in metallic absorptivity during each laser pulse. 
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